Introduction the environmental problems caused by the use of fossil feedstock as an energy source and the rapid increase of the oil-based fuels prices are the main reasons that have motivated the production of bio-fuels (9) . Bio-ethanol, being a clean, safe and renewable resource, has been considered as a potential alternative to the ever-decreasing fossil fuels. ethanol production has increased dramatically during the last years, because it is considered as a renewable and environmentally friendly alternative (1, 4, 18) . however, the economic feasibility of the ethanol industry is still questioned and much effort should be put into improving the process, especially regarding rapid fermentation and resistance to the main inhibition factors.
to eliminate inhibition caused by high concentrations of the substrate and product as well as to enhance ethanol yield, cell immobilization approaches have been applied in ethanol production (13, 18) . the advantages of immobilized cells over free-cell systems have been extensively reported (17, 19) . immobilized-cell fermentation has been shown to be more effective than the free yeast process, mainly due to the enhanced fermentation productivity, feasibility for continuous processing, cell stability and lower costs of recovery and recycling and downstream processing. however, immobilized cells still have limited industrial application as there is a strong demand for development of large-scale immobilization procedures (11) . the process of immobilization changes not only the envionment, but also the physiological and morphological characteristics of cells, and the catalytic activity of enzymes; therefore, the fermentation conditions (specially the kinetics) of the free-yeast fermentation and of the immobilized-cell process are different (14) . the main advantage of immobilized-cell systems is that the solid support allows a combination of high biocatalyst concentration and a high reactor load, which can lead to smaller reactor volumes as compared to suspended-cell processes (16).
Simulation investigations are proven to be powerful tools for evaluating the fermentation processes alternatives that decrease spending of expenses on pilot experiments for design, control synthesis and scaling-up (4, 18, 21) . the quality of the simulation itself depends on the quality of the underlying mathematical model used for prediction of the responses of a given system to changes in environmental and operating conditions. hence the mathematical models should describe with sufficient accuracy the mechanisms of the processes under consideration. For the purpose of bioprocesses simulation, kinetic models based on mass balance of the main compounds in the bioreactor -biomass, target product and main substrates, are usually applied. concerning ethanol fermentation various model structures have been developed and investigated (4, 12, 18) . in the experiments of Birol et al. (2) eleven modeling structures of ethanol fermentation by the yeast strain Saccharomyces cerevisiae Atcc 9763 immobilized in ca-alginate gel beds were considered. they describe the main factors affecting the ethanol concentration -substrate limitation, substrate inhibition, product inhibition and cell death -but none of them can account simultaneously for all of these factors. Prakash (20) applied a simple logistic growth equation combined with luedeking-Piret equation (15) for modeling of ethanol fermentation by mutant Neurospora ModelIng of Batch alcohol ferMentatIon wIth free and IMMoBIlIzed Yeasts SaccharomyceS cereviSiae 46 eVd crassa. however, there is no universal model structure that could perfectly suit ethanol fermentation by all possible kinds of strains since each particular strain has its specifics that require an individual approach to kinetics modeling. the aim of our study was to carry out a comparative analysis of seven of the mathematical structures known by far for modeling of batch alcoholic fermentation with free and immobilized cells of Saccharomyces cerevisiae strain 46 EVD using real experimental data. the obtained models were analyzed and compared with respect to their quality and applicability for process simulation. the two types of processes (with free and immobilized cells) were compared with respect to the main model parameters that determine the main interactions in the culture -cell growth limitation and inhibition and transformation of sugars to ethanol and biomass. Conclusions were drawn about the influence of cell immobilization on the batch process intensification. The main purpose of this study was: first, to investigate how cell immobilization influences the process productivity, and, second, to choose the best model that will be further refined and used for control synthesis of the process in order to increase its productivity.
Materials and Methods
Yeast strain the strain-producer used was dry yeast Saccharomyces cerevisiae 46 EVD provided by the Martin Vialatte oenologie company, France. the yeasts were stored at 4-6 °c. Before utilization they were re-hydrated in 4% sugar solution at 30 °c. the amount of this solution was 1:10 with respect to the dry biomass. the amount of inoculating material was 1% of the bio-reactor working volume because the aim was to achieve 10 7 cFU•cm -3 . During the immobilization the amount of used biomass was determined such that we achieved 10 7 cFU•g -1 preparations.
nutrition medium the nutrition medium was composed based on the results of our previous experiments (10) . the aim was to enhance the product (ethanol) formation, which could be done by promoting the reaction of glucose transformation to ethanol rather than to biomass. Since the main cell growth factors are P and n, the nutrition media was chosen to have the lowest possible amount of these two elements. Another reason to choose a medium with low concentration of P was that higher P concentrations can destroy the alginate pearls in the case of immobilized-cell fermentation. the composition of the nutrition medium used in all experiments was (g•dm 
Yeast cell immobilization
For yeast cell immobilization 2% solution of na-alginate was used. it was prepared by dissolving alginate in distilled water at constant stirring until a homogeneous solution was obtained. After that the solution was sterilized for 20 min at 121 °c. For jellification 2% solution of CaCl 2 also sterilized for 20 min at 121 °c was applied.
For immobilization the equipment shown in fig. 1 was used. it consists of two sterile vessels each with a volume of 500 cm 3 . one of these vessels contains the suspension and the other, the gelification solution. During the immobilization process constant stirring rate of the cells-alginate suspension was maintained in order to obtain homogenous solution. the suspension was transported via peristaltic pump and through the injector nozzle it was poured out drop by drop into the gelification solution. This mixture was stirred at a low speed using a magnetic stirrer. thus pearls with a mean diameter of 2 mm were obtained. fig. 1 . installation for ca-alginate pearls preparation with peristaltic pump. the obtained pearls were left for 30 min in cacl 2 solution. After that they were washed with distilled water and kept in saline or sterile water in the refrigerator for later use. the immobilization method used is described in greater detail by Willaert (24).
Bioreactor and cultivation conditions the laboratory bioreactor used is a glass cylinder with geometrical volume of 2.0 dm 3 and working volume of 1.7 dm 3 . it is equipped with a six-blade turbine stirrer and four baffles. On the top of its head plate orifices for feeding in of nutrition media and air, leading out of gases, inserting of heatexchangers and sensors for ph, temperature and dissolved oxygen are mounted. the installation includes also measuring devices and controllers for the main process variables ( fig. 2) . the culture media temperature is controlled via two channels: cold water for cooling and heater for heating. the active acidity (ph) is measured by combined glass-silver chloride electrode (ingold, Switzerland). the temperature and ph controllers are integrated into the control device (Applikon, holland) equipped with precise controllers.
For maintaining constant ph of the culture media sterilized reagent -20% Koh solution -was supplied via peristaltic pump. After reaching the desired ph value the ph controller was switched on in order to maintain ph 4.5 ± 0.05 for both types of processes -with free and immobilized cells. the temperature was maintained at 28 °c ± 0.1. the bioreactor was sterilized in "cold" conditions using 0.3% solution of neomycin for 24 hours. After that it was washed out with sterile water. the suspension was fed in via peristaltic pump used also for ph control. the immobilized preparation was washed out with sterile physiological solution and then it was fed into the bioreactor at sterile conditions. After that the nutrition medium was inserted into the apparatus. the amount of immobilized material was 10% of the nutrition medium volume. fig. 2 . Scheme of the laboratory bioreactor. 1: apparatus with geometrical volume 2 dm 3 ; 2: blades; 3: thermo-resistance Pt100; 4: heater; 5: cold water heat exchanger; 6: turbine stirrer; 7: рН electrode; 8: output for the СО 2 ; 9: filter; 10: peristaltic pump for pH control; 11: pH control reagent -20% КОН; 12: motor; 13: control connections; 14: control device "Applikon"; 15: lid.
Samples for analysis of the main process variablesconcentration of glucose, biomass and product -were taken from the bioreactor every 2 hours.
analytical procedures concentration of ethanol and glucose in the culture medium the accumulated ethanol and glucose concentrations were determined by a density meter (Anton Paar DMA 4500, Austria). the method includes density and refraction index measurement for determination of glucose and ethanol concentrations. the density is measured by the oscillating U-tube sensor. the working ranges of Anton Paar DMA 4500 are: density -0-3 g•cm -3 ; temperature -0-90 °c. integrated alcohol and sugars tables were used. this is a standard method recommended by the european Brewery convention (5) .
Biomass concentration in the culture medium the biomass concentration in the culture medium was determined spectrophotometrically at 620 nm using Spekol 221 (Germany).
Biomass concentration in the immobilized phase to determine the biomass concentration in the immobilized phase 1.0 g of sample was added to 1.0% solution of sodium citrate; for the control probe 1 g of pure alginate pearls were added to 1% sodium citrate; after full dissolving of the pearls the biomass concentration was determined spectrophotometrically (26) .
results and discussion

Mathematical models
Here we chose simplified mass-balance mathematical models that reflect only the kinetic rates of the main process reactions: biomass growth, ethanol production and substrate consumption for biomass and product formation. in the case of immobilized cell cultivation there is complementary influence of the diffusion resistances on the process dynamics. the cultivation can be described by adding to the model mass balance equations accounting for diffusion and convective mass exchange inside and at the surface of the jelly pearls containing immobilized yeasts. the reason not to include such complications in the model of immobilized-cell fermentation was that our primary aim was to compare it with free-cell fermentation and to reveal the differences. the same approach was used in Birol et al. (2), where model structures applied for immobilized-cell fermentation also did not account for diffusion effects. Moreover, as it was shown by Viktor et al. (22) , in order to develop a more complicated model including these effects we need first a model of free-cell fermentation that can be upgraded further with mass exchange dependences. that is why in the preliminary investigation presented here we chose to make all these simplifications and to use the models described below by systems of equations 1 and 2.
For the modeling we applied two different model structures. The first one as in Birol et al. (2) is as follows: (1) it is based on the assumption that the substrate denoted by S is consumed with a rate proportional to the rates of increase of the cells (X) and product (P) concentrations. the constants Y x/s and Y p/s are yield coefficients [g/g] that reflect the ratio of biomass and product obtained from the substrate consumed for their synthesis; μ and q denote the specific biomass growth and ethanol production rates respectively. Since in the literature there is a large variety of mathematical dependences for the two main process kinetic rates μ and q, the choice of proper dependences is usually done by trial and error. in the present investigation we tried six (given in table 1 below) of the eleven dependences investigated before (2) . they include substrate limitation (numbers 1 and 2 from the table), substrate inhibition (number 3) and product inhibition (numbers 4, 5 and 6) effects. the second model structure from luedeking and Piret (15) is based on the logistic equation for biomass growth rate and ludeking-Piret equation that implies product and substrate dynamics linear dependence on the biomass concentration and biomass growth rate as follows: (2) here μ m , β, q p0 , K, δ and γ are model parameters. In both cases the parametric identification of the models was carried out in MAtlAB environment with optimization toolbox functions for model parameters identification using the least squares error minimization method and the explicit Runge-Kutta formula of 4-5 order for solving the differential equation Systems 1 and with direct analytical integration of the equation in System 2 using the methodics presented by Wang et al. (23) .
The influence of cell immobilization is described by the efficiency coefficients η μ (related to the maximum specific growth rate) and η q (related to the maximum specific ethanol production rate) defined as follows: (3) the choice of the two structures of mathematical models 1 and 2 and the equations in table 1 was made on occount of the following considerations. the system differential equations 1 is a classic description of various biotechnological processes. The essential terms for the final selection of model structures are the models for the specific growth rate μ and the specific product accumulation rate q. Birol et al. (2) tested 11 mathematical models obtained by different authors and applied for different biotechnological processes. the careful analysis of that work and our experimental results restricted our choice to 6 of these 11 mathematical models. For some of the discarded models unusual and unexplained constant values, even from a biological point of view, were obtained, while in other models it was impossible to identify the parameters. the mathematical models chosen as a result of the pre-selection are listed in detail in table 1. Some features of the selected mathematical relationships will be further commented below.
The System Equations 2 has a very significant advantage -it could be integrated analytically and its constants could be determined directly from the experimental data. Another important advantage of this system of equations is the biological meaning of its constants. through them one can determine what part of the product accumulation is associated with the cell growth; whether there occurred significant physiological changes in the culture -defined by the constant β; how much of the substrate was assimilated for biomass growth and how much of the substrate was transformed into a metabolic product -defined by the constants δ and γ.
The work of Mi-Young et al. (17) quoted modification of the first equation in System 2. The modification takes into account the effect of lag-phase and the product inhibition of cell growth (the equation is applied for obtaining lactic acid by lactobacilli). As it will be seen below, when using ethanol tolerant yeasts, the product inhibition has no significant impact and therefore the classical System 2 can be used. the usage of the proposed modification is necessary because the LudekingPiret model did not describe well the asymptotic increase of lactic acid and the substrate transformation into the metabolic product (17) . the investigated process of ethanol fermentation had a clear end and full transformation of the substrate ( fig.  3) (10) . Since the equation in the work of Mi-Young et al. (17) gives interesting guidelines, it will be applied in future studies of the alcoholic fermentation by yeasts.
experimental data the experimental data from the batch cultivations carried out using free and immobilized yeasts are shown in fig. 3 . they are arithmetic mean of three independent experiments. the immobilized-cell fermentation resulted in faster achieving of maximum ethanol concentration after 24 hours cultivation. in the case of free cells the same ethanol concentration was reached after 30 hours of cultivation. in the case of immobilized-cell fermentation the ethanol yield was 83% of the theoretically possible outcome, while in the case of free-cell fermentation it was about 88% of the theoretical outcome. this could be explained by the influence of internal and external diffusion resistances in the immobilization pearls. From the experimental data it becomes clear that the biomass concentration in the case of immobilized-cell fermentation is 3 times lower than the one in the case of freecell fermentation. this could be explained by the decision to start each fermentation with 10 7 cFU•cm -3 active free cells. As for inoculums preparation we used dry yeasts biomass with 10 9 cFU•cm -3 , this means that free-cell fermentation actually started with 3 g•dm -3 initial concentration of viable cells. Since we aimed to compare two fermentations, we had to ensure the same initial cell concentration in the case of immobilized cells. however, inoculation of 10 7 cFU•cm -3 active cells after immobilization led to about 1.0 g•dm -3 biomass concentration in the bioreactor, i.e. 3 times lower than that in the case of free cells. in fact this is one of the advantages of immobilized-cell fermentations -they are faster in the presence of lower cell concentrations. Moreover, the immobilized preparations could be used several times depending on their operation stability, which varies from 3 to 6 months. this can also save time for initial inoculum preparation before the fermentation start.
Another difference visible from the experimental data plots is that the substrate and ethanol dynamics were also different. in the case of immobilized-cell fermentation the substrate was almost exhausted by the 12 th hour but ethanol formation continued till the 24 th hour. this could be explained by the diffusion process into and out of the alginate pearls which is driven by the differences in the concentrations of substances inside and outside these pearls: the substrate (glucose) enters the pearls reaching the yeast cells that produce ethanol; in turn ethanol must go out from the pearls. Since the ethanol production rate of immobilized yeasts is 4-5 times higher, the glucose concentration gradient on the pearls surface stays constant. however, by the end of the fermentation the ethanol concentration becomes higher which increases its gradient on the pearls surface causing ethanol diffusion from their inside towards the outside even after glucose exhaustion. When the ethanol concentration gradient becomes smaller it prevents its diffusion into the culture medium leaving some amount inside the pearls and stopping its increase on the outside. this is a sign that the fermentation should be stopped in order to prevent undesired yeast lysis or undesirable change in their metabolism that could lead to ethanol consumption.
Another explanation given by Kourkoutas et al. (11) is that there are possible changes in the physiological state and activity of the yeasts resulting from the immobilization which could lead to an increase in their viability and activity. these changes depend to a very great extent on the immobilization method. however, the published data about these changes are controversial. For example, Jamai et al. (7) reported insignificant physiology change of S. cerevisiae; Buzas et al. (3) and Galazzo and Bailey (6) observed that the fermentation activity of immobilized cells in alginates was independent of the ph of the culture medium; Galazzo and Bailey (6) reported reduction of the intracellular ph of the immobilized yeast cells. the reduced intracellular ph value of the immobilized cells could lead to increased enzyme activity and productivity. it was also attributed to increased permeability of cell membranes, which leads to increased glycolytic activity and glucose uptake rate. these observations can explain the resulting profile of substrate consumption of the process with the immobilized cells shown in fig. 3 . fig. 4, fig. 5 and fig. 6 represent the corresponding experimental data fitting by all the models. here we shall discuss the models quality and meaning of the obtained parameter values. fig. 4 shows the model simulation results in comparison with experimental data for the biomass concentration modeling equations. As seen, all the identified models describe with relatively good accuracy the batch ethanol fermentation process in both cases (with and without cell immobilization). in order to choose the best model it is important to consider how well it describes the transition from exponential to stationary phase of the process. looking at fig. 4a we can conclude that in the case of free-cell fermentation the models of Aiba and Ghose and tyagi (numbers 5 and 6 in table 1) do not describe this transition well in comparison to the rest of the models. the Ghose and tyagi model supposes biomass growth inhibition by the product starting from the initial product accumulation; and the maximum concentration when the inhibition is complete is defined by the parameter P xmax = 18.63 g•dm -3 .
it is obvious that this model does not suit the S. cerevisiae 46 EVD dynamics because the product inhibition effect cannot be accounted for properly above this ethanol concentration. Aiba's model predicts higher biomass concentrations than the experimental one but keeps the biomass trend characteristic similar to the experimental data. Most of the biomass models in the case of free-cell fermentation have considerably high values of the parameter K SX -in the range of 203.46 ÷ 700 g•dm -3 . these high values could be explained by the fact that for alcohol yeasts it is typical to produce relatively low biomass concentrations -only about 15% of the substrate is consumed for biomass growth (8, 26) . This results in lower specific biomass growth rates due to substrate limiting effect on biomass. thus the product accumulation into the culture medium is dominating. Aiba's model is an exception, having K sx = 18.31 g•dm -3 , which means lack of significant substrate limitation effect on biomass growth, and respectively explains the higher predicted yeast concentrations.
A similar analysis can be done for the models of the second case of immobilized-cell fermentation ( fig. 4b) .
Since immobilized cells grow inside the jelly pearls, they are restricted by diffusion resistances and have a considerably lower specific growth rate. The efficiency coefficient (η μ ) varies in the range of 0.319 ÷ 4.57. the decreasing of the specific growth rate (Aiba's model is an exception) is due to the internal diffusion resistances rather than due to the external ones because the process is carried out with intensive stirring and hence the main resistance is due to the substrate diffusion through the alginate pores. in that case the models also have considerably lower values of K sx in comparison with those for the free-cell fermentation models. their values are in the range of 27.61 ÷ 438.03 g•dm -3 . this could be explained with higher concentration of viable yeasts cells in the bioreactor working volume. the ethanol accumulation and substrate consumption were described with considerably high accuracy by all the identified models, as shown in fig. 5 and fig. 6 . in the case of free-cell fermentation the only exception is the model of Ghose and tyagi (Fig. 5а) . its predictions are far from the experimental data during the exponential cell growth as well as in the stationary phase. the best model for both cases is that of tiessier. All other models predict ethanol concentration increase after 24 h, while according to the experimental data it should be stationary and about 90% of the theoretical outcome. nevertheless, we can conclude that all the models except Ghose and tyagi's one follow the free-cell fermentation trend well. the deviation of this model from the experimental data is due to its structure, which supposes product accumulation inhibition by itself which was not the case with our experimental data. hence, Ghose and tyagi's model is not applicable to our modeling purposes.
in the case of immobilized-cell cultivation the best model is Monod type. the tiessier model underestimates the experimental data after 14 h. the logistic equation and Ludeking-Piret model fits the experimental data with the highest precision. As a whole, all the models are acceptable excluding the Ghose and tyagi model. this can be explained by the structure of this model, which includes biomass growth inhibition by the product. however, in our case the yeasts grow at lower ethanol concentrations than the ones supposed by the value of the parameter P . the values of these two parameters (see table 2) are very low and in some cases even zero. this is because the obtained ethanol concentration is much lower than the concentration that causes complete cell growth inhibition for our experimental investigations. From the Ghose and tyagi model it can be concluded that the inhibiting ethanol concentrations are in the range of 144.7 ÷ 156.7 g•dm -3 . in the case of immobilized-cell cultivation the values of these two parameters are lower because the jelly pearls prevent the cells from the ethanol influence.
in the case of logistic equation model the value of the efficiency coefficient (η μ) is close to 1. this could be explained by the fact that the fermentation is carried out in a bioreactor with intense stirring that leads to minimal external diffusion resistances. Since the alginate beds have relatively big pores (9, 16), the diffusion through them is easy, i.e. the immobilized cells grow in conditions similar to those of free fermentation. this can also explain the similar values of the maximum growth rate parameter μ max in both cases. Another interesting fact is that the coefficient of internal population concurrence β is higher in the case of immobilized cells, which can be explained by the restricted space in the alginate pearls in comparison to the case with free-cell fermentation. hence, model 2 has a more appropriate structure for the process because it accurately reflects the physiology changes in immobilized cells due to entrapment in the carrier.
All models describe with high precision the sugar consumption dynamics (fig. 6) . the obtained values of the parameters Y x/s (see table 2) are in the normal range for alcohol yeasts. According to Yarovenko (25) about 10% to 15% of the substrate is transformed into biomass and the rest is used for product formation. the parameters Y p/s physically describe the ratio between the produced ethanol and the sugars consumed for this purpose. however, in the culture medium there are free enzyme systems that additionally contribute to the product formation. hence, the values of these parameters reflect not only the ethanol production by yeasts but also the additional ethanol formation by the free enzymes. in the case of immobilized-cell fermentation it is logical to have higher values of Y P/S due to the already mentioned fact that the culture medium pH does not influence the fermentation activity of the immobilized cells, which leads to higher glycolytic activity of the yeasts. however, for most of the models we obtained lower values for this parameter. A possible explanation could be found in the diffusion resistances, which from some point onward prevent ethanol from leaving the carrier. From the parameters of the ludeking-Piret model we can conclude that ethanol produced by the biomass is accumulated during the stationary phase (К = 0) while sugars are consumed during both process phases.
From the obtained results it is difficult to choose a single best fitting model. Good approximation potential was shown by the models of Monod, tiessier, hinshelwood and logistic equation in combination with ludeking-Piret model. the four mathematical relationships are characterized by simplicity and good approximating potential. the aim of this work was to make an initial selection of mathematical relationships, which begin the description of both the batch fermentation process with immobilized cells in the presence of diffusion resistances and continuous fermentation with immobilized cells. in terms of proper synthesis models of such systems should be characterized by simplicity, as the four models are. these relationships described the ethanol fermentation process very well and gave a clear idea of the process parameters' influence on the kinetic characteristics. The models of Andrews and noack, Aiba and Ghose and tyagi could be useful when a significant product and/or substrate inhibition affect the process. in practice the hinshelwood model could be simplified to the Monod equation because of weak product inhibition. these observations and results were in accordance with the observation of Birol et al. (2) that the Monod and hinshelwood models were suitable to describe the process of alcoholic fermentation.
thus, of the 6 proposed structural models for the System of equations 1, the choice fell on the three most simple dependencies. For further research we selected the Monod-type structure model (Monod and hinshelwood) and the equation of the logistic curve model with ludeking-Piret model. these models have the best approximating ability to describe the alcoholic fermentation with Saccharomyces cerevisiae 46 eDV. these models were characterized by accuracy and clarity of the obtained parameters and allow to generate new systems of differential equations or intelligent methods to describe the continuous fermentation process more easily. We have made a preliminary analysis of one intelligent model using the Monod model and neural networks, which gives a good starting point for control of the continuous fermentation process. Another group of models using the other two mathematical models is under development. the results of these studies will be the subject of future publications. Based on the physical meaning of the obtained model parameters we compared the free-and immobilized-cell fermentations. The results definitely proved the advantage of cell immobilization leading to higher production rates.
our conclusion is that the Monod and ludeking-Piert model in combination with logistic equation are the candidates for the best model, which we shall improve further for modeling of continuous alcohol fermentation with immobilized cells in column bioreactor and for generation of control strategies aimed at process intensification. 
